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Introduction 
In order to respond to the changing environment, cells must be able to sense 
external conditions. This is important for many processes including growth, mating, 
the expression of virulence factors and several other regulatory effects. Nutrient 
sensing at the plasma membrane is mediated by different classes of membrane 
proteins that activate downstream signaling pathways: non-transporting receptors, 
transceptors, classical and non-classical G-protein coupled receptors and the newly 
defined extracellular mucin receptors. Non-transporting receptors have the same 
structure as transport proteins, but have lost the capacity to transport while gaining a 
receptor function. Transceptors are transporters that also function as a receptor, as 
they can rapidly activate downstream signaling pathways. In this review we focus on 
these four types of fungal membrane proteins. We mainly discuss the sensing 
mechanisms relating to sugars, ammonium and amino acids. Mechanisms for other 
nutrients, such as phosphate, sulfate, are discussed briefly. As the model yeast 
Saccharomyces cerevisiae has been the most studied, especially regarding these 
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nutrient sensing systems, each subsection will commence with what is known in this 
species. 
 
Abbreviations 
PKA: protein kinase A; ITR: inositol transporter; CAZymes: carbohydrate-active 
enzymes; MFS: major facilitator superfamily; AAP: amino acid permease; GPCR: G-
protein coupled receptor; NCR: nitrogen catabolite repression; RGS: repressor of G-
protein signaling; SCAM: substituted cysteine accessibility method; AC: adenylate 
cyclase. 
 
1. Non-transporting receptors sensing glucose  
 
1.1. Glucose sensing by Snf3 and Rgt2 in S. cerevisiae. 
The uptake of glucose, the preferred carbon source of S. cerevisiae, is 
mediated by 17 closely related hexose transporters (1). Their expression is 
coordinated according to the availability of extracellular glucose, which is sensed by 
the two glucose receptors, Snf3 and Rgt2 (2) (see 5.1 and Figure 1). Snf3 and Rgt2 
sense the internal-external ratio of glucose in order to adjust glucose uptake (3), 
which is also influenced by intracellular glucose metabolism (glycolysis) (4). Although 
these receptors are structurally similar to hexose transporters, they cannot transport 
glucose and contain unusual long C-terminal tails that are important for glucose 
sensing (5).  
In the absence of glucose, the Rgt1 transcriptional repressor is found in the 
nucleus, interacting with the co-repressors Mth1-Std1 (6), thereby recruiting the 
general corepressor complex Ssn6-Tup1 to the promoters of the different HXT 
genes, blocking their transcription (7). Snf1 dependent phosphorylation of Rgt1 
triggers its repressor activity as well as its propensity to bind DNA (8). In addition, 
Snf1 also affects HXT expression via repression of the carbon catabolite repressors, 
Mig1/2, which in turn repress the expression of STD1, MTH1 and SNF3 genes (9). 
Glucose detection by Snf3-Rgt2 recruits the corepressors Mth1-Std1 to the plasma 
membrane where they are subsequently phosphorylated by type I casein kinases 
Yck1/2 (10). Upon phosphorylation, Mth1-Std1 are targeted for SCF E3 ligase Grr1-
mediated ubiquitination and proteasomal degradation (11). Collectively, these events 
lead to a protein kinase A (PKA) dependent hyperphosphorylation of Rgt1, which 
induces the dissociation of Ssn6-Tup1 from the DNA, resulting in the derepression of 
the HXT genes (12, 13). 
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Homologs of the ScSnf3-ScRgt2 pathway have been identified in other yeasts 
(Figure 1). In Kluyveromyces lactis, this is the Rag4 sensor (14), which regulates the 
expression of the glucose transporter gene RAG1 (15). Also the downstream 
regulatory pathway is similar to that described for S. cerevisiae (16-18). In the 
methylotrophic yeast Hansenula polymorpha, the HpHxs1 is nonfunctional as a 
glucose transporter, but is responsible for the glucose-dependent induction of the 
functional transporter, HpHxt1 (19). The C-terminus of this receptor is essential for its 
function and the mutation of one conserved residue (R204K) converts it into a 
constitutively signaling form. 
 
1.2. Carbon sensing in Candida albicans and Cryptococcus neoformans 
C. albicans has over 20 hexose transporter homologs (20). Among them, 
Hgt4, an orthologue of the S. cerevisiae glucose receptors Snf3 and Rgt2, has been 
identified as a high affinity glucose sensor (21) (Figure 1). Hgt4 shares sequence and 
structure similarity with other hexose transporters, with the exception of a long C-
terminal tail containing 254 aa, similar to Snf3 and Rgt2. Hgt4 is required for glucose 
induction of the hexose transporter genes HGT12, HXT10, and HGT7. Mutagenesis 
demonstrated that the hgt4∆ mutant is defective in growth on fermentable sugars, 
such as fructose, mannose, and glucose. The hgt4∆ mutants are hypofilamentous, 
indicating that Hgt4 affects the yeast-to-hyphal morphological switch. Interestingly, 
Hgt4 is also required for fungal virulence as the mutant showed attenuated virulence 
in a murine model for systemic infection. These findings demonstrate that C. albicans 
cells need to sense and regulate sugar levels for fungal filamentation during 
infection. The downstream regulatory mechanism of glucose repression in C. 
albicans is conserved with its counterpart in S. cerevisiae (12, 22). However, it 
remains unclear if Hgt4 has glucose uptake activity or not.  
Also in C. neoformans, glucose sensing and utilization is critical for its 
development and virulence. Besides being utilized as a preferred energy source for 
cell growth, glucose is required for capsule production both as a substrate and a 
signaling molecule. Glucose induces capsule enlargement through the Gpa1-cAMP-
PKA signal transduction pathway, which plays a central role in fungal virulence (see 
5.2) (23). Despite its biological significance, glucose sensing is less well understood 
in C. neoformans, compared to S. cerevisiae and C. albicans. There are ~50 
transporters that share high sequence similarity with hexose transporters (24). 
Although some of them may transport sugars other than glucose, how this large 
family of hexose transporters is regulated remains unknown. Among these hexose 
transporter homologs, Hxs1 and Hxs2 share the highest sequence identity with 
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ScRgt2/ScSnf3 glucose receptors, but neither of them have a long C-terminal tail 
(24). Hence, it is possible that the C. neoformans glucose sensing system is different 
from S. cerevisiae and C. albicans. These two proteins will be discussed in the 
transceptor section as evidence suggests that they may have both transport and 
regulatory functions (Figure 1).  
Inositol is a small carbohydrate molecule that functions as an essential 
structural and signaling molecule in eukaryotes, including fungi (25). In C. 
neoformans, inositol can be used as a sole carbon source (26). Inositol can also 
stimulate Cryptococcus mating (27). As one of the most abundant metabolites in the 
mammalian brain (28), inositol utilization is required for C. neoformans virulence in 
murine infection models by promoting brain infection (29-32). Therefore, C. 
neoformans is likely to utilize the abundant inositol available inside the brain for its 
pathogenesis. Inositol can also stimulate C. neoformans capsule growth, which may 
contribute to its role in fungal virulence. The cryptococcal genome reflects the 
evolutionary adaptations associated with the expanded role of inositol in this 
organism. In particular, C. neoformans contains an unusually large number of inositol 
transporters (ITRs) that consists of more than ten members (27, 29). Functional 
analysis of the ITR gene family demonstrated that two members (Itr1a and Itr3c) 
have high inositol uptake activity, while the function of the other members remains 
undefined. Among them, Itr1 was suggested as an inositol transceptor as it does not 
show uptake activity in the yeast heterologous system, it regulates the expression of 
ITR genes and the itr1 single mutant exhibits a defect in mating, hyphal production 
and sporulation (29, 32). Therefore, transceptors for inositol may exist in C. 
neoformans. 
 
1.3. Carbon sensing in filamentous fungi  
The mechanisms by which filamentous fungi sense saccharides in the 
environment are beginning to emerge. It is becoming increasingly clear that due to 
the metabolic plasticity of filamentous fungi and their ability to utilize numerous 
nutrient sources, sensory mechanisms and pathways are far more complex than that 
in yeasts. This knowledge has been fundamental to the industrial application of 
filamentous fungi in the production of second generation biofuels and green 
chemistries. Lignocellulolytic filamentous fungi, such as Trichoderma reesei, 
Aspergillus nidulans and Neurospora crassa, secrete an array of carbohydrate-active 
enzymes (CAZymes) that deconstruct and utilize lignocellulose. Primarily the activity 
of a few scavenging fungal enzymes releases potent saccharide inducers, such as 
cellobiose, from the plant biomass, which induces the secretion of hundreds of 
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CAZymes by the fungus, promoting lignocellulose deconstruction (33). However, the 
detection of simple saccharides, such as glucose, xylose or an abundance of 
cellobiose, results in CreA/Cre1-mediated carbon catabolite repression (33). 
Therefore, distinct mechanisms for sensing plant derived saccharides exist to enable 
the efficient regulation of fungal metabolism and alternative carbon usage.  
In contrast to the aforementioned yeasts, homologs of the Snf3 and Rgt2 
glucose receptors have not been functionally defined in filamentous fungi. In T. 
reesei a putative MFS sugar transporters Crt1 was required for full cellulase activity 
and growth on cellulose or lactose (34). The absence of Crt1 did not compromise 
cellobiose or sophorose uptake, implying that the function of Crt1 in cellulase 
induction did not rely on its transporting activity. However, in N. crassa cellobiose 
promotes cellulase production independent of glucosidase activity, indicating that 
cellobiose itself is the inducer for the cellulolytic regulon (35), suggesting that 
cellobiose detection may occur prior to internalization. However, only a few cases of 
non-transporting (putative) receptors have been reported in filamentous fungi. In 
addition, a novel cellodextrin transporter-like protein, Clp1, also forms a critical 
component in the regulation of cellulase production (36). However, Clp1 did not 
import cellodextrins, and actually suppressed the transcription of cellulases and other 
cellodextrin transporters in response to cellobiose or cellulose (36). Therefore, 
despite the knowledge of non-transporting receptors in filamentous fungi being 
elusive, they appear to exist and can function either as inducers or repressors of the 
lignocellulolytic machinery. 
 
 
2: Non-transporting receptors sensing nitrogen (amino acids, ammonium, 
other sources) 
Nitrogen is essential for the synthesis of many cellular components (amino 
acids, nucleotides, …). Therefore cells developed a whole series of systems to sense 
and take up these nutrients. Apart from plasma membrane localized systems, 
discussed in this chapter, also the target of rapamycin complex 1 (TORC1) is a major 
growth regulator in response to nitrogen quality and quantity. This is described in 
detail in the chapter on TOR signaling in this book section.  
 
2.1. Amino acid sensing by Ssy1 in S. cerevisiae 
In S. cerevisiae, amino acids are detected at the plasma membrane by a 
multiprotein complex composed of Ssy1, Ptr3 and Ssy5 (SPS) (37) (Figure 2). This 
results in induced expression of amino acid transporter genes as well as other 
 6
nitrogen metabolizing enzymes (38). Ssy1 is a unique member of the amino acid 
permease (AAP) family and is the receptor of the SPS (Ssy1-Ptr3-Ssy5) complex 
(39). Although Ssy1 does not transport amino acids, it does undergo a 
conformational change upon binding of its ligand (40). Direct binding of the amino 
acid to Ssy1 was proven by the identification of hyper- and hyporesponsive mutants 
(41, 42). The extremely long Ssy1 N-terminal tail is highly conserved in other yeast 
species, and it is required for its function as a sensor-signal transducer (43).  
Ptr3, the least understood component of the complex, is induced by Yck1/2-
dependent phosphorylation (44). Recent results indicate a key role for Ptr3 as an 
adaptor protein, linking the amino acid induced conformational change of Ssy1 to 
Yck1/2-Ssy5 access (45). Ptr3 multimerization, a well-established concept for G-
protein coupled receptors (GPCRs) as well as receptor tyrosine kinases (46, 47), 
occurs via the WD40-like domains, and is essential for downstream activation. 
The chymotrypsin-like protease Ssy5 is synthesized as two domains, a 
catalytic domain and an inhibitory prodomain. Autocatalytic cleavage occurs during 
synthesis, however the parts remain associated forming an inactive complex (48). In 
the presence of amino acids, the prodomain is released, leading to activation. The 
release of Ssy5 requires phosphorylation by type I casein kinases Yck1/2 followed by 
ubiquitination by SCFGrr1 (49, 50). Ubiquitination leads to proteasomal degradation 
of the prodomain, yet the direct involvement of the 26S proteasome has been 
questioned (50). The Ssy5 prodomain contains a phosphodegron, which may 
represent the site of Yck1/2 recognition (51). This sequence was also found in Mth1 
and Std1, effector components of the Snf3/Rgt2 glucose-sensing pathway that also 
requires Yck1/2 and SCFGrr1 (52).  
The amino acid induced receptor activated proteolysis (RAP) of Ssy5 results 
in endoproteolytic removal of the N-terminal tail of the transcription factors Stp1/2, 
which are synthesized as latent cytoplasmatic precursors (53). The processed forms 
of Stp1/2 are translocated into the nucleus where they bind to, and induce the 
expression of, their target genes. Although homologous, Stp1/2 are functionally 
divergent, possessing a different N-terminal tail, and also showing differential 
degradation and distinct cellular localization, providing a mechanistic explanation for 
Stp2 being the primary activator (54, 55).  
Several control levels to maintain the derepressed state of signaling in the 
absence of inducing amino acids exist. Firstly, Ssy5 activity is controlled by its 
Rts1/PP2A dependent dephosphorylation, which antagonizes the Yck1/2-dependent 
phosphorylation of the prodomain, and thereby mute Ssy5 activity in the absence of 
amino acids (44, 45, 56). Second, the Asi1-3 inner nuclear membrane proteins 
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restrict entrance of full-length Stp1/2 in the nucleus due to its N-terminal region (57, 
58). A third level of regulation is the targeting of unprocessed Stp1 for degradation, 
thereby diminishing its nuclear abundance (59). An additional level of Stp1 regulation 
occurs by TOR, inactivation of TOR by rapamycin results in the degradation of Stp1 
in the nucleus, which is dependent on the phosphatase 2A (PP2A)-like phosphatase, 
Sit4 (60). All these control systems show that the cells have invested a lot in order to 
have activation of the pathway only in conditions where this is relevant. More 
information on TOR signaling is presented in Chapter XXX 
 
2.2. Amino acid sensing in C. albicans and C. neoformans  
The transcriptional regulation of AAP genes by the presence of their 
substrates in C. albicans occurs in a similar manner to that of S. cerevisiae (61). The 
Candida genome encodes homologs of all characterized components of the SPS 
complex (62). CaCsy1, the ScSsy1 homolog, similarly acts as the primary receptor 
(Figure 2). Despite the high degree of homology, the N-terminus of both proteins is 
very divergent, potentially contributing to their differences in specificity (61). C. 
albicans cells lacking CaCsy1 show altered morphology and hyphal formation, 
indicating a role in amino acid- (serum-) induced hyphal morphogenesis.  
Similar to S. cerevisiae, the sensor complex induces proteolytic processing of 
two latent transcription factors, CaStp1/2, upon amino acid detection (63). Both 
proteins are activated upon amino acid addition, to differentially activate two modes 
of nitrogen acquisition: CaStp2 activates genes required for amino acid uptake, while 
CaStp1 induced genes involved in extracellular protein degradation and peptide 
uptake. In addition, the levels of CaStp1 itself are also amino acid regulated, 
indicating that Candida cells preferentially use amino acids (63). Recent results 
indicate that the control of STP1 expression is mediated by the two GATA 
transcription factors CaGln3 and CaGat1 (64). Using the insect host, Drosophila, it 
was shown that a functional SPS sensor and proper Stp1 gene control are required 
for host protein catabolism and utilization, while being essential for full virulence. 
CaStp2, on the other hand, is dispensable for virulence (65).  
Recently, eight global affinity amino acid permeases and two methionine 
permease homologs have been identified in C. neoformans (66). From this low 
number of permeases, it is apparent that this pathogen is more dependent on amino 
acid biosynthesis than on uptake. Transcriptional profiling revealed that these genes 
are subjected to regulatory mechanisms known to respond to the nutritional status in 
other fungi, such as nitrogen and carbon catabolite repression, SPS sensing as well 
as general amino acid control. Inhibitors of these pathways caused in vitro growth 
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arrest. Despite the presence of ScSSY1 and ScSTP2 homologs, an SPS sensing 
pathway as in S. cerevisiae or C. albicans has never been described in C. 
neoformans. 
To date, non-transporting amino acid receptors have not yet been described 
in filamentous fungi while non-transporting ammonium sensors have not been 
described in any fungal species.   
 
3. Transceptors (transporting receptors) sensing carbon sources 
 
3.1. Transceptor-mediated carbon sensing in S. cerevisiae and other yeasts 
In S. cerevisiae, none of the hexose carriers has been directly implicated in 
activating/repressing downstream signaling pathways. Glucose repression appears 
to be independent of plasma membrane transceptors (67). This is different from the 
situation in mammalian cells where transporters such as GLUT1, GLUT2 and GLUT4 
have been shown to activate downstream signaling pathways (68-71).  
 
3.2. Transceptor-mediated carbon sensing in C. albicans and C. neoformans 
The presence of carbon-sensing transceptors in C. albicans or C. neoformans 
has not been clearly demonstrated. In C. albicans, Hgt4 and Hgt12 have been 
reported to be transceptors which regulate glucose sensing and uptake (Figure 1). 
Whether Hgt4 has glucose uptake activity remains untested, but Hgt12 seems to 
have glucose transport activity, potentially indicating that this may be a bonafide 
transceptor (21, 72, 73). Hgt12 is specifically expressed during macrophage 
infection, probably as a response to the absence of glucose in the phagolysosome 
(72). In C. neoformans, Hxs1 has high sequence identity with ScSnf3/ScRgt2, yet it 
still shows glucose uptake activity (24). Mutagenesis showed that Hxs1 is required 
for efficient glucose uptake and fungal growth under low glucose conditions. Hxs1 is 
not required for regulating the expression of hexose transporter candidates and 
heterologous expression of HXS1 does not complement the S. cerevisiae snf3∆ 
rgt2∆ phenotype. Therefore, whether Hxs1 also functions as a glucose sensor 
remains to be defined. Importantly, however, Hxs1 is required for fungal virulence in 
a murine infection model of cryptococcosis. Whether Hxs2 could function as a 
glucose sensor remains unclear. Interestingly, Hxs1 and Hxs2 do not have the long 
C-terminal tail that has been shown to be essential for sensory function of their 
orthologs in S. cerevisiae and C. albicans. Similarly, in the methylotrophic yeast 
Hansenula polymorpha, the hexose transporter homolog Gcr1 also lacks the typical 
C-terminus, but its regulatory role, along with its involvement in hexose transport, has 
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been demonstrated (74). Therefore, a long C-terminal tail may not be essential for 
glucose sensing in some fungal glucose transceptors. 
 
3.3. Transceptor-mediated carbon sensing in filamentous fungi 
In filamentous fungi, transceptors are proposed to perform roles in the 
detection and uptake of polysaccharides, which in turn influences how these fungi 
interact with their environment. A dual role in signaling and in sugar transport has 
been shown for N. crassa Rco3, lacking the unique C-terminus, although it is not fully 
clear whether this protein has an active transport capacity (14, 75) (Figure 1). 
Similarly, Hxt4 from the hemibiotrophic maize pathogen Collectrichum graminicola 
which has very low similarity to the ScHxt, ScSnf3 or ScRgt2 receptors in S. 
cerevisiae, was shown to be a sensor of nutritional status (76). Recently, Hxt1 from 
Ustilago maydis, a ubiquitous pest of corn, was characterized as a high-affinity 
hexose transporter that also functions as a receptor, which is required for full 
virulence (77). First, overexpression of a mutant (R164K), resulting in constitutive 
signaling in Snf3/Rgt2, leads to downregulation of hexose transport under glucose 
deprivation and complete loss of virulence. Second, heterologous expression of high-
affinity transporters C. graminicola HXT3 and Arabidopsis thaliana STP1 only 
complement the growth defect of an hxt1∆ strain and not its decreased virulence. 
How exactly the signal is transduced downstream is not yet elucidated. However, U. 
maydis possesses a homolog of the membrane-bound casein kinase I (Yck1/2), but 
no homologs of all the other downstream components of the ScSnf3/ScRgt2 pathway 
have been identified. 
Transporters of cellodextrins, the breakdown product of cellulose, have been 
identified and shown to be fundamental to the regulation of cellulase production. Two 
cellodextrin transporters, Cdt1 and Cdt2, from N. crassa, were shown to contribute to 
cellulose sensing and mutants lacking both transporters were unable to induce 
cellulases in response to cellulose (78). Insertion of these cellodextrin transporters 
into S. cerevisiae along with a N. crassa β-glucosidase enabled cellobiose 
fermentation (79, 80), demonstrating their transporter activity. However, the 
impairment of cellobiose transport, by introducing point mutations into CDT-1 or 
CDT-2, did not greatly impact on cellulase induction in response to cellobiose, 
suggesting that the cellodextrin transporters act as transceptors with dual functions in 
the transport and the detection of cellobiose (78). In T. reesei, Stp1, an MFS sugar 
transporter, capable of transporting cellobiose was identified. However, its absence 
enhanced cellulase production, demonstrating how Stp1 repressed cellulase 
production (34). Hence, these studies have provided novel insights into the detection 
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of cellulose by filamentous fungi and how cellobiose transceptors can regulate the 
lignocellulolytic enzyme production.  
 
4. Transceptors sensing nitrogen (amino acids, ammonium, other sources) 
 
4.1. Transceptor-mediated amino acid sensing in S. cerevisiae 
In S. cerevisiae, the uptake of amino acids involves several general as well 
as specific transporters, all belonging to the AAP family (81). One of the general 
permeases is Gap1, a proton symporter catalyzing transport of all L-amino acids 
including L-citrulline, 4-amino butyric acid, some D-amino acids and toxic analogs as 
well as polyamines (82, 83) (Figure 2). The expression as well as the activity of Gap1 
are tightly regulated by both the quality and quantity of the nitrogen sources 
available. Transcriptional regulation occurs via the nitrogen catabolite repression 
pathway, by the transcriptional activators, Gln3 and Gat1, and inhibitors, Dal80 and 
Deh1 (84, 85). Fine-tuning of the amount of plasma membrane localized molecules 
according to nitrogen availability is regulated by the coordinated action of the Npr1 
kinase, the α-arrestins Aly1/2 as well as the ubiquitin ligase adaptors Bul1/2 leading 
to ubiquitination of Gap1 by the ubiquitin-ligase Rsp5, followed by endocytosis and 
degradation in the vacuole (86-89). Some amino acid analogs however trigger oligo-
ubiquitination without endocytosis, indicating that an additional modification is 
required to initiate the internalization process (90). An additional level of regulation at 
the plasma membrane is reversible inactivation, due to a conformation change, upon 
binding of amino acids (91). 
Upon studying the amino acid induced activation of the PKA pathway it was 
found that the well-known transporter Gap1 has an additional role as an amino acid 
receptor (92). The involvement of metabolism and intracellular sensing has been 
excluded in order to prove the direct receptor function. High L-citrulline 
concentrations do not trigger signaling in a gap1∆ strain, despite its transport by 
other carriers. The involvement of metabolism was excluded as non-metabolizable 
D-amino acids trigger the same activation as their metabolizable L-counterparts. 
Moreover, deletion of the first enzyme required for L-citrulline catabolism does not 
abolish L-citrulline induced activation. Direct binding of the agonists as well as 
identification of two residues, Ser388 and Val389, exposed with their site chain in the 
binding site, was obtained by substituted cysteine accessibility method (SCAM) 
analysis of the eighth transmembrane domain (93). An additional strong argument 
that transport through the transceptor is not required to trigger signaling was the 
identification of non-transported signaling agonists. A recent study showed that for 
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both signaling and endocytosis, different substrates elicit specific conformational 
changes upon movement through the passageway, indicating that all these events 
(transport, signaling or endocytosis) can occur independently of one another (90). 
Despite indications for involvement of certain proteins in the downstream signaling, 
such as the PKA complex, the Sch9 protein kinase and the S. cerevisiae PDK1 
orthologues (Pkh1-3), the exact mechanism by which the Gap1 transceptor relays 
the signal downstream, remains unclear (94, 95). For example, a basal level of cAMP 
is required, but there is no transient increase in cAMP upon amino acid activation 
(96).  
 
4.2. Transceptor-mediated amino acid sensing in C. albicans and C. neoformans 
C. albicans expresses six orthologues of the S. cerevisiae GAP1 (97). 
Complementation experiments in the Scgap1∆ strain showed that CaGap1, 2 and 6 
can also function as transceptors as they are able to rapidly activate the PKA 
pathway upon addition of their substrates to nitrogen-starved cells (97) (Figure 2). 
Although the different CaGap permeases share high sequence similarity, substrate 
specificity differs substantially. It remains to be determined whether these proteins 
also function as transceptors in C. albicans.  
In C. neoformans, there are at least seven ScGap1 homologs in the H99 
genome database. However, the function of this gene group has not been analyzed 
in detail. It remains unknown whether there is any transceptor mediated amino acid 
sensing in C. neoformans. 
 
4.3. Transceptor-mediated amino acid sensing in filamentous fungi 
 So far, no studies have shown the presence of transceptor-mediated amino 
acid sensing in filamentous fungi.  
 
4.4. Transceptor-mediated ammonium sensing in yeasts 
Ammonium is an important nitrogen source acquired from the breakdown of 
nitrogenous compounds or its specific uptake from the environment. A conserved 
family of transporters mediate ammonium import and some additionally act as 
transceptors (98-104). When levels of easily metabolizable nitrogen sources are low, 
or when cells are grown on a poor nitrogen source, fungi experience nitrogen 
limitation, resulting in reduced growth. During this nitrogen limitation, the ammonium 
transceptors regulate mating in C. neoformans and filamentous growth in S. 
cerevisiae, S. pombe, C. albicans, and U. maydis (98-104). The S. cerevisiae 
genome encodes three ammonium transporters (Mep1-3), however only Mep2 is a 
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transceptor, acting as a regulator of pseudohyphal growth and PKA pathway 
activation when ammonium is reintroduced to nitrogen starved cells (98, 100, 105). 
Expression of the MEP genes is regulated by NCR while the Mep2 protein is 
controlled by the TORC1 regulated Npr1 kinase (106, 107). Mep2 phosphorylation is 
not required for plasma membrane targeting and stability, but exerts a positive 
control on protein activity by initiating a conformational change in the cytoplasmic C-
terminal domain of the protein (107, 108).  
 Ammonium transporters are homotrimers with each monomer forming a 
right-handed helical bundle that surrounds the pore through which ammonium 
translocation takes place. Substrate binding occurs at a discriminating extracellular 
site and two overlapping phenylalanine residues block the pore opening (108-112). 
Unlike bacterial homologs, the pores of Mep2 from both S. cerevisiae and C. 
albicans are closed on the cytoplasmic side of the protein (108). Molecular dynamics 
simulations support the deprotonation of the ammonium ion in bacterial transporters 
and the movement of ammonia gas and protons separately through the protein (113-
116). A similar mechanism of transport may occur in the fungal transceptors as they 
contain two histidine residues (His1-His2) in the pore that may act as a proton relay 
system (108, 116). Non-sensing fungal ammonium transporters contain a glutamate 
and a histidine residue (Glu1-His2) at the equivalent positions although the 
significance of this difference with regard sensing has not been established (117). 
Sensing is dependent on ammonium import through the transceptor and mutations 
have been identified that uncouple transport and signaling and that distinguish 
between PKA activation in starved cells and pseudohyphal induction (105, 118). The 
Mep2 His2 residue is particularly interesting as it is dispensable for transport, but 
essential for signaling and is involved in blocking the cytoplasmic side of the pore 
(108, 118). The potential importance of the His2 residue in signaling is supported by 
mutation of an adjacent residue that generates a hyperactive sensor (107).  
Transceptor ammonium sensing does not reflect changes in internal nitrogen 
metabolism as the non-metabolizable ammonium analog methylamine induces the 
rapid activation of the PKA pathway and signaling mutants that import ammonium 
exist (105, 117). These findings suggest that it is the action of the protein as a 
transporter that is important for the sensing event. In one model the conformational 
changes that occur during the transport process could be channelled to a signaling 
partner. In support of this model, conformational changes occur in Mep2 in response 
to phosphorylation and the closed nature of the pore suggests additional 
conformational changes might occur during ammonium transport (107, 108).  
Furthermore, a physical interaction has been identified between the Ump2 receptor 
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and the signaling protein Rho1 in U. maydis (119). In S. cerevisiae and C. albicans 
genetic interactions between Mep2 and the PKA signaling pathway have been 
identified (100, 101, 118). It has also been proposed that signaling and non-signaling 
transporters may influence internal pH differently if one mediates electrogenic rather 
than electroneutral transport (117). In this model sensing would be dependent on a 
downstream pH sensor. 
 
4.5. Transceptor-mediated ammonium sensing in filamentous fungi 
The number of ammonium transceptors that have been studied suggests that 
this mode of signaling may be widespread in fungi. To support this, homologs from 
diverse fungi restore signaling in a S. cerevisiae strain lacking the Mep2 transceptor, 
including transporters from the filamentous rice pathogen Fusarium fujikuroi (MepA 
and MepC), and the ectomycorrhizal fungus Hebeloma cylindrosporum (Amt1 and 
Amt2) (120, 121). Although these proteins are able to restore pseudohyphal growth 
in S. cerevisiae, the processes they regulate within their native organism remain 
unclear. In the broad range plant pathogen Colletotrichum gloeosporioides, 
transceptor-mediated ammonium sensing has been shown to be important for 
invasive growth and virulence (122).  
 
5. GPCRs 
G-protein coupled receptors (GPCRs) communicate changes in the 
extracellular environment to intracellular G-proteins, which initiate signaling events 
that coordinate the appropriate response. GPCR-ligand binding causes the 
dissociation of the heterotrimeric G-proteins into the Gα-subunit and a Gβγ-dimer, 
which activate downstream pathways (123). G-protein functions are transient, and 
regulated by repressors of G-protein signaling (RGS), which promote G-protein re-
association, and RGS ubiquitination/degradation, feedback mechanisms. Despite the 
general GPCR-signaling mechanism being highly conserved in eukaryotes, 
significant differences exist between yeasts and filamentous fungi. Five main 
categories of classical GPCRs exist, including pheromone, carbon, nitrogen, cAMP 
and microbial opsin receptors. Additional non-classical GPCRs include the 
orthologues of Pth11 (Magnoporthe oryzae), mPR (humans), a hormone receptor 
(rat) and AtRgs1 (Arabidopsis thaliana). However, relatively few GPCR-G-protein 
interactions in fungi are characterized and even fewer pathway-activating ligands 
have been identified. 
 
5.1. GPCR-mediated carbon sensing in S. cerevisiae 
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Addition of various carbon sources, such as glucose, sucrose, mannose or 
fructose, to glucose-deprived cells triggers rapid activation of the cAMP-PKA 
pathway (124-126). PKA becomes activated due to an increase in cAMP, as a result 
of adenylate cyclase activation via a dual-glucose sensing system, extracellular 
detection through a GPCR as well as intracellular sensing dependent on sugar 
uptake and phosphorylation (127) (Figure 1). The activation of PKA results in the 
phosphorylation of a wide spectrum of target proteins associated with rapid cell 
growth (128).  
Extracellular sugar sensing is mediated via the GPCR, Gpr1, the Gα-protein 
Gpa2 (129) and its RGS protein, Rgs2 (130). Detailed analysis of the ScGpr1 
receptor, using cysteine scanning mutagenesis and SCAM, identified specific amino 
acids in transmembrane domain six that bind glucose and sucrose as ligands thereby 
mediating the activation of the PKA pathway (125).  
In addition to a role in activation of the PKA pathway, Gpr1 is required for 
pseudohyphal filamentous growth and also accounts for the glucose sensitivity of the 
mating pathway (131). The Sks1 kinase was recently identified as a novel 
component linking glucose sensing by Gpr1 and induction of genes involved in 
pseudohyphal differentiation (132). Gpa2 is an atypical Gα-protein, in that it is not 
part of a heterotrimeric complex, however some proteins have been identified as 
candidate Gβγ-subunits. The Kelch-repeat proteins, Krh1/Gpb2 and Krh2/Gpb1 (133, 
134) as well as Asc1, a protein binding to Gpa2 in a guanine nucleotide-dependent 
manner (135). The Krh proteins, activated by Gpa2, downregulate PKA by increasing 
the cAMP dependency (136). In this way, they are part of an adenylate cyclase 
bypass, allowing the direct activation of PKA by activated Gpa2. In addition, the Krh 
proteins provide a negative feedback loop by phosphorylating the PKA regulatory 
subunit, Bcy1, and hence promoting its association with the catalytic subunits (137, 
138). Recently, Gpr1 was also shown to be required for the induction of the mating 
pathway (139).  
 
5.2. GPCR-mediated carbon sensing in C. albicans and C. neoformans 
In C. albicans, the situation regarding the number of GPCRs is similar to that 
of S. cerevisiae. There are two mating factor GPCRs and one orthologue of the 
ScGPR1, CaGpr1 (140-142). Deletion of CaGPR1 results in a strong morphogenetic 
defect on hyphae-inducing media, less damage in a reconstituted tissue infection 
model but only a slight effect on virulence in a systemic infection model system (141) 
(Figure 1). Contrary to the situation in S. cerevisiae, CaGpr1 is not required for the 
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glucose-induced cAMP increase. Although the exact ligand still remains to be 
identified, it is possible that CaGpr1 is a glucose sensor that does not activate AC. 
Another possibility is that methionine is the ligand as it was shown that CaGpr1 is 
internalized in the presence of methionine (resembling the ligand-induced 
internalization known in other receptors) and there is no methionine-induced 
morphogenesis in the Cagpr1 mutant (141, 143). This latter phenotype is however 
only observed in the presence of low physiological concentrations of glucose, so it 
cannot be excluded that CaGpr1 is a low glucose sensor.  
In C. neoformans, glucose is a preferred carbon source and a known signal to 
activate the homologous Gpa1-cAMP-PKA signal transduction pathway, which 
controls the production of major virulence factors (capsule and melanin) and is 
essential for fungal virulence (144). But it remains unknown how glucose activates 
Gpa1 and what is the GPCR for glucose sensing in C. neoformans. Multiple GPCR 
candidates have been identified based on the basic seven transmembrane domain 
structure, but none of them share extensive sequence identity with ScGpr1, except 
maybe Gpr4 (145). Both Gpr4 and ScGpr1 have a large third cytoplasmic loop and a 
long C-terminal tail. Despite the structural similarity, Gpr4 is not important for glucose 
sensing, but as mentioned below, is classified as a methionine receptor. Gpr5 also 
contains a large third intracellular loop and shares high sequence identity with Gpr4 
and Gpr5 was found to play a role in regulating fungal cell size (“Titan” cell formation) 
during infection, likely by sensing certain unidentified host signals in the lung (146). 
Phylogenetic analysis based on proteins sequences shows that Gpr4 and Gpr5 are 
more closely related to GprH in A. nidulans and cAR1 in Dictyostelium discoideum, 
than with Gpr1 in S. cerevisiae (145). This is also consistent with the data indicating 
that Gpr4 and Gpr5 are not glucose receptors. How glucose is sensed remains to be 
understood. It is possible that there is functional redundancy among GPCRs in 
glucose sensing that complicates the identification of glucose receptors.  
 
5.3. GPCR-mediated carbon sensing in filamentous fungi 
In contrast to yeasts, filamentous fungi can utilize a diverse array of nutrient 
sources including hexose, pentose and complex saccharides. This nutritional 
plasticity may therefore be reflected in the presence of additional Gα-proteins and the 
dramatic expansion of putative GPCRs (123). 
In N. crassa, the putative carbon sensor, Gpr4, interacts with the G-protein, 
Gna1, influencing cAMP production and asexual development in a carbon source-
dependent manner (147) (Figure 1). The absence of Gpr4 resulted in reduced growth 
on glycerol, mannitol, and arabinose, a phenotype that was partial recovered via the 
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addition of exogenous cAMP. In A. nidulans, a putative carbon receptor, GprD, 
influences hyphal growth, germination and primary metabolism (148). Interestingly, 
GprD and the pheromone receptor, GprB, possess opposing functions in the 
regulation of sexual development (149). Similarly, the A. nidulans cAMP receptor-like 
GPCR, GprH, was induced during carbon starvation and was shown to be involved in 
glucose and amino acid sensing, while influencing primary metabolism via the cAMP-
PKA pathway and acting as a repressor of sexual development (150). In Aspergillus 
fumigatus, two putative carbon receptors, GprC and GprD, were fundamental to 
germination, hyphal extension and branching (151). Furthermore, the absence of 
GprC or GprD increased sensitivity toward environmental stress caused by reactive 
oxygen intermediates and displayed attenuated virulence in a murine infection 
model. Transcriptome analyses indicated that both GprC and GprD promoted 
primary metabolism, while inhibiting secondary metabolism (151). A wider evaluation 
of the function of all 15 classical GPCRs in Aspergillus flavus revealed multiple 
GPCRs potentially involved in carbon sensing, as the individual absence of GprA, 
GprC, GprJ, GprK or GprR impaired growth on several carbon sources (152). 
Therefore, in contrast to yeasts, filamentous fungi appear to possess multiple 
GPCRs involved in sensing a broad range of carbon sources, reflecting the 
complexity of the environments that they inhabit, their metabolic plasticity and their 
capacity to utilize a diverse array carbon sources. 
 
5.4. GPCR-mediated amino acid sensing by GPCRs in C. albicans and C. 
neoformans 
Apart from the above mentioned amino acid receptors, some GPCRs have 
also been reported to sense amino acids in fungi. In C. albicans, Gpr1, the homolog 
of the glucose sensor ScGpr1, has been suggested as a possible receptor for 
methionine. Methionine is important for the yeast-to-hyphal transition on sold agar 
medium, the gpr1∆/gpr1∆ mutant blocks fungal filamentation under such inducible 
condition. Gpr1 senses methionine to activate the cAMP-PKA pathway, which in turn 
controls the filamentation in the presence of glucose as a carbon source (141, 143). 
It is however not yet excluded that CaGpr1 may actually sense low (or physiological) 
glucose levels.  
In C. neoformans, the GPCR protein Gpr4 also plays a role in sensing amino 
acids to activate cAMP-PKA signaling (145) (Figure 2). Mutagenesis demonstrated 
that Gpr4 is required for capsule production and fungal mating, two cellular functions 
controlled by the Gpa1-cAMP-PKA pathway. The direct interaction between Gpr4 
and Gpa1 G-protein has also been confirmed in a membrane based yeast two-hybrid 
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system. Methionine can trigger Gpr4 internalization and induces a transient cAMP 
production in a Gpr4-dependent manner. Also a low level of methionine can induce 
mating hyphal elongation in C. neoformans, which is blocked by the deletion of 
GPR4. This data indicates that Gpr4 may function as a receptor for amino acids, 
such as methionine (145). However, the direct binding of amino acids to CaGpr1 or 
CnGpr4 has not been observed. Whether these GPCRs sense extracellular, or 
intracellular amino acid, or both, also remains to be determined. 
 
5.5. GPCR-mediated amino acid sensing in filamentous fungi  
GPCRs, in filamentous fungi, have been reported to sense amino acids. The 
cAMP receptor-like GPCR, in A. nidulans, GprH, shows distant homology to the 
cAMP receptors of D. discoideum and A. thaliana, as well as to Gpr4 in C. 
neoformans (123). Nonetheless, GprH was revealed to be a putative receptor for 
both glucose and the amino acid tryptophan, forming part of the cAMP-PKA pathway, 
and influencing primary metabolism, while repressing sexual development, during 
carbon starvation (150, 153). GprH also shows homology to the putative N. crassa 
carbon receptor, Gpr4. The absence of this receptor caused defects in perithecial 
development and ascospore discharge. However, the binding of this putative ligand 
was not defined (154). Therefore, the function of cAMP receptor-like GPCRs in 
regulating sexual development appears to be conserved in fungi, while receptors of 
this class may dually detect both sugars and amino acids. Additionally, in A. flavus, 
the absence of the putative carbon receptors, GprC and GprD, which showed 
homology to the S. pombe glucose GPCR Git3, inhibited growth on the amino acid, 
proline (152). Hence, filamentous fungal GPCRs of several classes may potentially 
influence various amino acid and carbon nutrient sensing pathways. 
 
5.6. GPCR-mediated ammonium sensing in filamentous fungi 
In contrast to yeasts, very little is known of ammonium sensing in filamentous 
fungi. The A. flavus genome encodes four receptors that show homology to the S. 
pombe Stm1 sensor, which regulates cell cycle progression in response to nitrogen 
starvation (155). The absence of one of these receptors, GprR, impaired growth on 
ammonium chloride and the amino acid, proline (152). This again, suggests that in 
filamentous fungi a single GPCR may play a role in multiple nutrient sensing 
pathways. 
 
5.7. GPCR-mediated host sensing in filamentous fungal pathogens 
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In filamentous fungi, GPCR-regulated signaling pathways include the cAMP-
dependent PKA and the MAPK cascades, which regulate growth, metabolism, 
mating, morphogenesis, cell division, cell-to-cell fusion, chemotaxis, toxicogenesis 
and virulence (156). It is increasingly becoming apparent that GPCRs can bind 
multiple ligands and in turn possess additional functions. The vascular root 
phytopathogen, Fusarium oxysporum, demonstrates chemotaxis towards specific 
nutrients (glucose, glutamate and aspartate, but not glutamine, methionine, 
ammonium or galactose) and host tomato plant root exudates, in particular a class II 
peroxidase that is associated with root hairs which represent a potential site for 
invasion (157). Chemotropic sensitivity to the α-pheromone is far greater than 
nutrients, suggesting that the two responses are mediated by distinct mechanisms. 
Accordingly, mutants in the Fmk1 filamentous growth pathway are impaired in their 
response to glutamate or glucose, but not the α-pheromone, while mutants in the 
Mpk1 cell wall integrity pathway are impaired in their chemotaxis towards the α-
pheromone, but not glutamate or glucose. The absence of Ste2/Pre2 pheromone 
receptor in F. oxysporum abolishes chemotropism towards the α-pheromone and 
tomato root exudates, while having a minor impact on virulence, demonstrating how 
Ste2 GPCR-mediated signaling, which was previously thought to be exclusively 
involved in pheromone sensing, is also involved in detecting host cues and 
promoting virulence (157). 
In the foliar rice pathogen, M. oryzae, the Gαβγ-subunits and the non-
classical GPCR, Pth11, sense surface hydrophobicity and plant cutin monomers, 
regulating appressoria formation and virulence in a cAMP-dependent manner (158). 
Evaluation of the spatio-temporal dynamics of G-protein signaling during pathogenic 
development showed key components, including Pth11, MagA, Rgs1 and the 
adenylate cyclase, to be sequestered to the tubulo-vesicular network, where late 
endosomes controlled the geometry and activation/de-activation of the cAMP signal 
during pathogenesis (159). Subsequently, numerous Pth11-related receptors have 
been identified in M. oryzae and other filamentous fungi from the ascomycete 
subphyla, Pezizomycotina, including A. nidulans, N. crassa and Fusarium 
graminearum, while none were found in other ascomycete subphyla, such as the 
yeasts, or the basidiomycetes (123, 160). Hence, this non-classical receptor class 
represents the most highly expand receptor class in filamentous ascomycete fungi. In 
turn, a recent analysis of the classical and non-classical GPCRs in N. crassa, 
identified numerous Pth11 homologs and revealed their involvement in nutrient 
sensing. The absence of three Pth11 homologs in N. crassa, Gpr32, Gpr36 and 
Gpr39, enhanced growth on cellulose as an alternative to sucrose (161). Therefore, 
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in filamentous fungi Pth11-like receptors appear to participate in sensing plant-
related compounds, applicable to a saprophytic and a pathogenic interaction with 
plants. 
 
6. Extracellular mucin receptors in fungi 
 
6.1. Extracellular mucin receptors in S. cerevisiae 
Exposure of S. cerevisiae to nitrogen deprivation activates pseudohyphal and 
invasive growth, in addition to biofilm formation, via activating MAPK signaling to 
enable nutrient foraging and survival (162-165). Extracellular signaling mucins act as 
sensors of nutrient availability and physical contact, regulating the connection 
between cells, or to a surface (Figure 3). Fungal and humans signaling mucins utilize 
a highly conserved induction mechanism that results in GTPase activation (166). 
Nutrient deprivation promotes the proteolytic cleavage of an extracellular inhibitory 
mucin domain, activating intracellular Msb2-mediated MAPK signaling (162, 167). 
The highly glycosylated extracellular mucin domain of Msb2 is cleaved off by the 
Yps1 yapsin protease, releasing the inhibitory domain into the surrounding 
environment to create a mucous glycoprotein layers around cells, analogs of MUC1/2 
mucins in humans (166, 167). Upon starvation, the Mig1 carbon catabolite repressor 
that inhibits alternative carbon usage is phosphorylated by Snf1, promoting its 
dissociation from the DNA, its migration from the nucleus, and its interaction with 
multiple members of the pseudohyphal MAPK cascade, including Msb2, which 
influences filamentation (164). The Snf1-Mig1 mechanisms for preferential carbon 
usage is therefore interlinked to the pseudohyphal MAPK pathway, coordinating 
cellular metabolism and proliferation in response to nutrient availability (164). Cell 
adhesion is also controlled by the Ras, cAMP-PKA and MAPK pathways in response 
to nutrient deprivation and other exogenous stresses (168), while adhesion impacts 
upon pseudohyphal growth and biofilm formation (169, 170). The Msb2-
pseudohyphal MAPK pathway regulates the secretion of the Flo11 flocculin, which is 
essential for adhesion and pseudohyphal growth (169). Therefore, in response to 
nutrient availability, Msb2-MAPK signaling induces filamentous growth, cell adhesion 
and biofilm formation to promote nutrient foraging and survival. 
 
6.2. Extracellular mucin receptors in C. albicans 
The regulation of MAPK cascades by Msb2, controlling filamentous growth, is 
conserved in C. albicans, where shedding of Msb2 and the induction of MAPK 
signaling, promotes filamentous growth and influences biofilm formation (171, 172) 
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(Figure 3). In C. albicans, Msb2, in cooperation with Sho1, controls the activation of 
the Cek1 MAPK under cell wall or osmotic stress. The absence of Msb2 had a 
stronger impact on invasive growth on certain solid media such as mannitol or 
sucrose, and under hypoxia, than the loss of Sho1 (171). Similar to S. cerevisiae, in 
C. albicans the Sap8 aspartic protease cleaves the extracellular Msb2 mucin domain, 
activating Cek1 signaling and biofilm formation (172). The absence of Msb2 or Sap8 
resulted in the increased exposure of β-glucans and the loss of Msb2 attenuated 
virulence in a murine model of oral candidiasis. Additionally, Msb2 shedding also 
protects against antimicrobial peptides (173, 174). Therefore, in addition to regulating 
invasive growth and biofilm formation, the Msb2 pathway in C. albicans performs an 
essential function in reducing the exposure of pathogen-associated molecular 
patterns that trigger host defenses and increasing the tolerance of exogenous 
stresses such as antimicrobial peptides, by creating a mucous layer. However, the 
nutritional and/ or environmental signals that promote Msb2 signaling remain to be 
determined in C. albicans. 
 
6.3. Extracellular mucin receptors in filamentous fungi  
Surface recognition is one of the most critical processes for both saprophytic 
and pathogenic filamentous fungi. In the heterogeneous semi-solid environment, 
naturally occupied by fungi, the majority of nutrients are locked away as insoluble 
biomass. Hence, fungi have to actively search for, and attach to a desirable source of 
nutrients. Subsequently, during this foraging period starvation and contact sensing 
are hypothesized to participate in the localization and deconstruction of complex 
nutrient sources. In the lignocellulolytic fungus, A. nidulans, the extracellular mucin, 
MsbA, influences growth under nutrient-poor conditions including that on 
lignocellulose. Through the modulation of both the cell wall integrity and filamentous 
growth MAPK cascades, MsbA regulates adhesion to solid surfaces, biofilm 
formation and lignocellulolytic enzyme secretion (175). In particular, the CbhA 
cellobiohydrolase required to release cellobiose from lignocellulose and the induction 
of the lignocellulolytic machinery. Therefore, starvation and/ or surface sensing 
represent a new dimension to the already multifaceted regulation of nutrient sensing, 
CAZyme production and lignocellulose deconstruction (Figure 3). 
In the case of filamentous phytopathogens, the recognition of host surfaces, 
and their subsequent penetration, is paramount for the establishment of infection. 
The filamentous growth MAPK pathway is central to the establishment of invasive 
growth and virulence (156). In the vascular root pathogen, F. oxysporum, Msb2 
induces the phosphorylation of Fmk1, which promotes cellophane and tomato root 
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penetration, contributing to fungal virulence (176). Similarly, the F. oxysporum Sho1 
receptor was also required for Fmk1 phosphorylation, extracellular pectinolytic 
activity, cellophane penetration, plant tissue colonization and virulence (177). The 
dimorphic pathogen of maize, U. maydis, switches from budding to hyphal growth 
and the development of appressoria in response to the detection of the hydrophobic, 
waxy, plant surfaces. In U. maydis the interacting Msb2 and Sho1 receptors function 
upstream of the Kpp2-Kpp6 MAPK cascade, and are key to the development of 
appressoria in response to hydrophobic surfaces, in addition to priming the fungus 
for biotrophic development (178, 179). These examples of the overlapping 
functionality of Msb2 and Sho1 suggest a genetic interaction between the two 
receptors, which was noted in yeasts, is conserved in filamentous fungi. 
In the foliar rice pathogen, M. oryzae, multiple surface sensors detect rice leaf 
surfaces, appressoria formation and host invasion, including the aforementioned 
non-classical GPCR, Pth11, plus the Msb2, Sho1 and Cbp1 receptors (158, 180, 
181). Similar to Pth11, the absence of Msb2 significantly reduced appressoria 
formation and virulence, while the absence of Sho1 only resulted in a slight reduction 
in virulence. The dual absence of Msb2 Sho1 resulted in an inability to respond to 
cutin monomers and an inability to form appressoria on artificial hydrophobic 
surfaces. Appressoria formation on hydrophobic surfaces, leaf waxes or primary 
alcohols was more severely inhibited in the dual absence of Msb2 and Sho1 than in 
the absence of just Msb2. This suggests that the two interacting receptors possess 
overlapping functions, yet Msb2 is critical for sensing surface hydrophobicity and 
cutin monomers, while Sho1 appears to be important in recognizing rice leaf waxes. 
Therefore, in addition to surface hydrophobicity and cutin monomers, primary 
alcohols in leaf epicuticular waxes are utilized as signals for fungal infection (180). 
M. oryzae possesses another putative mucin, CBP1 (named for chitin-binding protein 
1), and the absence of Cbp1 also resulted in an inability to produce appressoria on 
hydrophobic surfaces, while retaining the ability to form appressoria on leaves (182), 
potentially due to the action of Msb2. In accordance, the absence of both the 
extracellular mucins, Msb2 and Cbp1, blocked Pmk1 MAPK phosphorylation, 
impeded appressoria formation and abolished virulence, suggesting that the Msb2 
and Cbp1 mucins have overlapping functions in the recognition of environmental 
cues required for the penetration of host tissues (181). Therefore, in filamentous 
fungi the extracellular mucin and Sho1 receptors appear to have evolved the ability 
to detect the hydrophobic, waxy, alcohol composition of plant surfaces and in doing 
so perform a fundamental role in plant pathogenesis. 
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7. Membrane-localized transceptors or receptors link the availability of 
nutrients to downstream signal transduction pathways 
 
 In this chapter we described the nature of the receptors by which different 
nutrients are sensed by fungi. We distinguished between non-transporting sugar or 
nitrogen receptors, sugar or nitrogen transceptors, sugar, nitrogen and host sensing 
GPCRs as well as Mucin receptors. In our chapter, we briefly mentioned the signal 
transduction pathways that are activated upon the sensing of nutrients by these 
receptors. Figure 4 gives an overview of what is currently known about the 
downstream signaling pathways, which we also briefly touched upon. The two most 
important downstream pathways are the MAPK and cAMP-PKA pathways, which are 
not only involved in nutrient sensing but are also involved in mating (see Chapter 
XXX). Non-transporting receptors and some transceptors regulate the expression of 
nutrient transporters upon sensing that specific nutrient.  A detailed description of 
these pathways is described in other chapters in this Fungal Kingdom book. 
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Figure legends 
Figure 1 
Sugar sensing proteins in the plasma membrane of fungal cells. Nutrient sensing 
proteins in general can be devided into non-transporting receptors, transceptors and 
G-protein coupled receptors (GPCRs). Non-transporting sugar receptors include the 
Saccharomyces cerevisiae (Sc) glucose sensors Snf3/Rgt2, the Kluyveromyces 
lactis (Kl) glucose sensor Rag4, the Hansenula polymorpha (Hp) glucose sensor 
Hxs1, the Candida albicans (Ca) glucose sensor Hgt4, the Cryptococcus neoformans 
(Cn) inositol sensor Itr1, the Trichoderma reesei (Tr) cellobiose sensor Crt1and the 
Cn cellodextrin sensor Clp1. Sugar transceptors include the Ca glucose sensor 
Hgt12, the Cn hexose sensors Hxs1/2, the Hp hexose sensor Gcr1, the Neurospora 
crassa (Nc) sugar sensor Rco3, the Collectrichum graminicola (Cg) hexose sensor 
Hxt4, the Ustilago maydis (Um) hexose sensor Hxt1, the Nc cellobiose sensors 
Cdt1/2 and the Trichoderma reesei (Tc) cellobiose sensor Stp1. Sugar GPCRs 
include the Sc glucose sensor Gpr1, the Cn glucose sensors Gpr4/5, the Nc glucose 
sensor Gpr4, the Aspergillus nidulans (An) glucose sensors GprD/H, the Aspergillus 
fumigatus (Af) glucose sensors GprC/D and the Aspergillus flavus (Af) glucose 
sensors GprA/C/J/K/R.   
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Figure 2 
Nitrogen sensing proteins in the plasma membrane of fungal cells. Nutrient sensing 
proteins in general can be devided into non-transporting receptors, transceptors and 
G-protein coupled receptors (GPCRs). Non-transporting nitrogen receptors include 
the Saccharomyces cerevisiae (Sc) amino acid sensor Ssy1, the Candida albicans 
(Ca) amino acid sensor Csy1 and an unknown Cryptococcus neoformans (Cn) amino 
acid sensor. Nitrogen transceptors include the Sc amino acid sensor Gap1, the Ca 
amino acid sensors Gap1/2/6, the Sc ammonium sensor Mep2, the Ca ammonium 
sensor Mep2, the Ustilago maydis (Um) ammonium sensor Ump2, the Fusarium 
fujikuroi (Ff) ammonium sensors MepA-C, the Hebeloma cylindrosporum (Hc) 
ammonium sensors Amt1-3, the Tuber borchii (Tb) ammonium sensor Amt1 and the 
Colletotrichum gloeosporoiodes (Cg) ammonium sensors MepA-C. Nitrogen GPCRs 
include the Ca methionine sensor Gpr1, the C) amino acid sensor Gpr4, the 
Aspergillus nidulans (An) tryptophan sensor GprH, the Aspergillus flavus (Af) proline 
sensor GprC/D, the Schyzosaccharomyces pombe (Sp) nitrogen sensor Stm1 and 
the Af ammonium sensor GprR.   
 
Figure 3 
Surface sensing proteins in the plasma membrane of fungal cells. Characterized 
surface sensing proteins can be divided into G-protein coupled receptors (GPCRs) 
and the interacting Sho receptors and the extracellular mucin receptors. The non-
classical, Pth11-type, GPCRs include the Magnaporthe oryzae (Mo) Pth11 receptor 
of hydrophobic surfaces and the Neurospora crassa (Nc) Gpr32, Gpr36 and Gpr39 
putative lignocellulose receptors. The Sho receptors include the orthologous Ustilago 
maydis (Um), Fusarium oxysporum (Fo) and Mo, hydrophobic surface Sho1 
receptors. The extracellular mucins include the orthologous Aspergillus nidulans 
(An), Um, Fo, Mo, Msb2 hydrophobic surface receptors, in addition to the Msb2 
receptors of Candida albicans (Ca) and Saccharomyces cerevisiae (Sc) that have 
not been characterized as detecting surfaces, plus the additional Cbp1 mucin 
receptor of hydrophobic surfaces from Mo. 
 
Figure 4 
Nutrient and surface sensing proteins in the plasma membrane of fungal cells and 
the downstream signal transduction pathways they trigger. Examples for the different 
classes of nutrient (non-transporting receptors, transceptors and GPCRs) and 
surface (Mucin and Sho) sensing proteins are shown. Sensing of nutrients by non-
transporting receptors and sugar transceptors results in the induction of nutrient 
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transporter genes.  Nitrogen transceptors (e.g. ScGap1) result in the activation of the 
PKA pathway upon sensing appropriate nitrogen sources. Depending on the type of 
GPCR, they can activate the cAMP-PKA pathway, the MAPK pathway or both. The 
surface receptors activate the MAPK pathway.  
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